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Abstract:
Sensory and cognitive deficits are common in schizophrenia. They are associated with abnormal brain rhythms, including disturbances in γ frequency (30-80 Hz) oscillations (GFO) in cortex-related networks. However, the underlying anatomo-functional mechanisms remain elusive. Clinical and experimental evidence suggest that these deficits result from a hyporegulation of glutamate N-Methyl d-Aspartate receptors (NMDAr). Here we modeled these deficits in rats with ketamine, a non-competitive NMDAr antagonist and a translational psychotomimetic substance at subanesthetic doses. We tested the hypothesis that ketamine-induced sensory deficits involve an impairment of the ability of the thalamocortical (TC) system to discriminate the relevant information from the baseline activity. Furthermore we wanted to assess whether ketamine disrupts synaptic plasticity in TC systems. We conducted multisite network recordings in the rat somatosensory TC system, natural stimulation of the vibrissae and high-frequency electrical stimulation (HFS) of the thalamus.
A single systemic injection of ketamine increased the amount of baseline GFO, reduced the amplitude of the sensory-evoked TC response and decreased the power of the sensoryevoked GFO. Furthermore, cortical application of ketamine elicited local and distant increases in baseline GFO. The ketamine effects were transient. Unexpectedly, HFS of the TC pathway had opposite actions. In conclusion, ketamine and thalamic HFS have opposite effects on the ability of the somatosensory TC system to discriminate the sensory-evoked response from the baseline GFO during information processing. Investigating the link between the state and function of the TC system may conceptually be a key strategy to design innovative therapies against neuropsychiatric disorders.
3
The anatomofunctional mechanisms of sensory and cognitive deficits in schizophrenia are unknown. These deficits are commonly associated with abnormal brain rhythms, including disturbances in γ frequency (30-80 Hz) oscillations (GFO) in corticocortical and thalamocortical (TC) circuits (Bokde et al., 2009; Clinton and Meador-Woodruff, 2004; de Haan W. et al., 2009; Friston, 2002; Herrmann and Demiralp, 2005; Light et al., 2006; Lisman, 2011; Meyer-Lindenberg, 2010; Pinault, 2011; Spencer et al., 2003; Uhlhaas and Singer, 2006) . At least four types of GFO should be considered: 1) Spontaneously-occurring (baseline) GFO, which are dominant during desynchronized state of the electroencephalogram (Jasper, 1936; Sheer, 1975) ; 2) Sensory-evoked GFO, which are phase-locked to the stimulus onset (Pantev et al., 1991; Spencer et al., 2008b) ; 3) Steadystate GFO during repetitive sensory stimulation (Regan and Spekreijse, 1986) ; and 4) Cognition or perception-related induced synchronized GFO (Gray et al., 1989; Joliot et al., 1994; Sheer, 1975) . Increases and decreases in sensory/task-related GFO (power, frequency, phase synchrony) have been recorded in schizophrenic patients (Herrmann and Demiralp, 2005; Krishnan et al., 2009; Lee et al., 2003; Light et al., 2006; Maharajh et al., 2010; Spencer et al., 2004; Uhlhaas and Singer, 2006) . The reported contradictory findings depend on technical aspects, including the location of the cortical recordings, the nature of the symptoms, and the effects of drug treatment. Since sensory and cognitive-related GFO are altered in schizophrenia, one may predict that baseline GFO could somehow modulate them (Hakami et al., 2009) . Increased baseline GFO have been recorded in patients during psychotic episodes, including somatic and visual hallucinations (Baldeweg et al., 1998; Becker et al., 2009; Behrendt, 2003; Ffytche, 2008; Spencer et al., 2004) , and in early psychosis (Bartha et al., 1997; Theberge et al., 2002) . Increases in the amount of baseline GFO are a significant source of excessive network noise in the brain (Baldeweg et al., 1998; Gandal et al., 2011; Hakami et al., 2009; Rolls et al., 2008) . Nevertheless, the link between these baseline GFO and the global brain operations and symptoms remains unknown. An increase in GFO could mask sensory-evoked responses and thereby impair sensory information processing (Gandal et al., 2011; Hakami et al., 2009) . A postulated mechanism of these impairments is the reduced N-Methyl d-Aspartate receptors (NMDAr) function at glutamatergic synapses on GABAergic interneurons (Coyle, 2006; Moghaddam and Jackson, 2003; Rolls et al., 2008) .
Ketamine is a non-competitive NMDAr antagonist with dose-dependent multipotent properties. It is a drug of abuse with hallucinogenic properties, which strongly impairs neocortical networks (Liao et al., 2011) . At a psychotomimetic dose, it acutely induces cognitive and sensory impairments in healthy humans (Boeijinga et al., 2007; Corlett et al., 2007; Hetem et al., 2000; Krystal et al., 1994) and rodents (Chrobak et al., 2008; Ma and Leung, 2007) . Thereby, the acute single-dose-ketamine rodent model is promising for understanding the pathogenesis of psychotic states and associated brain network dysfunction (Adell et al., 2011) . Indeed, a single injection of ketamine or dizocilpine (or MK-801), another non-competitive NMDAr antagonist, also excessively increases the power of baseline GFO (abnormal hypersynchronized GFO) simultaneously in the neocortex and subcortical structures, including the thalamus (Ehrlichman et al., 2009; Hakami et al., 2009; Ma and Leung, 2007; Pinault, 2008 ).
The current study tested the hypothesis that ketamine-induced sensory deficits are due to an impairment of the ability of the TC system to discriminate the relevant information from the baseline activity. Furthermore, we assessed whether ketamine disrupts synaptic plasticity in TC systems since high-frequency electrical stimulation of the thalamus reliably induces long term potentiation (LTP) of TC synapses (Heynen and Bear, 2001) , a potential mechanistic model to estimate the dysfunctional connectivity hypothesis of schizophrenia (Friston, 2002; Stephan et al., 2006) . We found that ketamine increases the amount of baseline GFO and decreases the amount of sensory-evoked GFO, and that thalamic highfrequency stimulation has opposite effects.
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MATERIAL AND METHODS
The major technical challenge was to achieve stable in vivo experimental conditions that closely resemble physiological states for a sufficient time such that the same animal could be recorded under at least two states (eg, control and ketamine) for quantitative and statistical analyses. The freely moving condition is adequate for studying spontaneous activities in correlation with ongoing behavior. However, this condition is unreliable to measure sensory-evoked activities with acceptable precision, especially in the vibrissae system since whiskers rapidly move back and forth during natural behavior. This condition also raises ethical concerns since it would require a relative large number of animals. So, to overcome these difficulties we used two other experimental conditions (light anesthesia and non-anesthetized head-restrained condition) to show whether the observations relative to sensory-evoked activities were specific to a given preparation, each having its own drawbacks and pitfalls. Thereby a system approach was conducted in the rat somatosensory TC system with natural stimulation of the vibrissae and electrical stimulation of the thalamus.
Animals
Fifty-two adult (3-6-months old) male Wistar rats (280-380 g) were used in accordance with European Union Guidelines (directive 2010/63/EU) and with the approval of the National and Regional Ethics Committee (comité regional d'éthique en matière d'expérimentation animale, Université de Strasbourg). For technical and ethical reasons, and especially in an attempt to reduce the animal number, the experiments were done under 3 experimental conditions: free-moving (N=10), light anesthesia (N=34) and acute non-anesthetized head-restrained condition (N=8). The latter condition was used to validate the findings obtained under light anesthesia, a condition that electrophysiologically corresponds to quiet immobile wakefulness (Pinault, 2003) .
Free-moving condition
The surgical procedures and the experimental conditions are available in a previous report (Pinault, 2008) .
Light anesthesia condition
The light anesthesia was induced by continuous intravenous injection of the following mixture (quantity given per hour for a 300-g rat): fentanyl (2 µg) and glucose (25 mg).
Muscle rigidity and tremors were blocked with intravenous administration of D-Tubocurarine chloride (0.4 mg/hr). The rats were artificially ventilated in the pressure mode (8-12 cm H2O; 60 bpm) using an O2-enriched gas mixture (50% air-50% O2). The rat's rectal temperature was maintained at its physiological level (37-38.3 °C) using a thermoregulated blanket. The electrocorticogram (ECoG) and the heart rate were also under continuous monitoring to maintain a steady depth of light anesthesia either by giving a bolus or adjusting the injection rate of the sedating mixture. The depth of anesthesia was ascertained by the occurrence of slow waves in the ECoG. Recording sessions started 3 hours after state induction. Local anesthetic (lidocaine, 2%) was infiltrated in all surgical wounds every 2 hours.
Micro-cranioduratomy (diameter<0.5 mm) (Pinault, 2005) 
Acute non-anesthetized head-restrained condition
This condition implied two stages: handling/training and experiment day. Rats were handled and trained individually to stay immobile on a plexiglass plate with their snout in a dark funnel (starting 2x5 min per day and progressively increasing time up to 2x20 min) during at least 1 week. Four days before the experiment day, rats were everyday deprived of water for at least 15 hours. They were trained to stay calm in the funnel as long as possible (up to 2x60 min per day) and were rewarded with drops of water. After the last training session they were allowed to drink water up to satiety.
On the experimental day, rats were deeply anesthetized with pentobarbital/ketamine for a standard surgery (see above), which included a micro-cranioduratomy above the target region (parietal somatosensory cortex). A metallic head-restraining system was secured to the cranium with dental cement to preserve painless condition. The rat was laid on the plate with a thermoregulated blanket to maintain it at the physiological temperature (37.5ºC).
ECoG electrodes were positioned in the same way as under light anesthesia. Duratomy was done before the insertion of the ACSF-neurobiotin filled LFP pipette(s) and the opening was protected with a surgical sponge soaked with warm ACSF. All open wounds were infiltrated with lidocaine every hour. The transition between anesthetized and non-anesthetized states was made smoother after a subcutaneous injection of a low-dose of diazepam (≤2.5 mg/kg).
The rat started to recover from anesthesia about 2 hours after induction. The recordings were launched as soon as the rat was awake (~3-4 hours after induction) and was able to drink drops of water, to whisk its vibrissae and to move its limbs and body. The animal was gently handled, helping in maintaining it awake, immobile and calm. Drops of water reward were regularly given. The physiological state of the rat was continuously monitored with rectal temperature, heart rate, breathing, ECoG and electromyogram of neck muscles.
Electrophysiology
ECoG and LFP were recorded using ultralow noise amplifiers. Signals were processed with a bandpass of 0.1-800 Hz and digitized at 10 kHz. To locate LFP recording site(s), extracellular multiunit labeling (Pinault, 1996) Fallavier, France), pentobarbital from Sanofi (Libourne, France), fentanyl and haldol from Janssen (Boulogne-Billancourt, France). All drugs were dissolved in physiological saline (NaCl, 0.9 %). Ketamine was administrated subcutaneously at a single psychotomimetic dose (ketamine 2.5 mg/kg, MK-801 0.08 mg/kg, unless specified otherwise). In the experiments with local application (see Fig3A), drugs (ketamine, 1mg/ml; MK-801, 0.5 mg/ml) were applied directly to the cortical surface using a soaked surgical sponge placed over the parietal micro-cranioduratomy.
Histology
At the end of the experiment, the rat was euthanatized by an injection of an overdose of sodium pentobarbital. The brain was subjected to standard histological procedures (Pinault, 2003) .
Data analysis
Data analysis was done using Clampfit 10 (Molecular Devices), Matlab and SciWorks Phase synchronization between two signals was estimated from their mean phase coherence. The phase of a signal was calculated using the Hilbert transform. Then the phase coherence was obtained by projecting the phase differences onto the unit circle in the complex plane and calculating the absolute value of the mean phase difference between two signals (Mormann et al., 2000) . The mean phase difference was calculated over 1s-epochs (at least 30 epochs per condition). 
RESULTS
Correlated increase in baseline GFO between interconnected cortical areas
To examine the acute impact of a single psychotomimetic dose of ketamine, we conducted multisite high-resolution surface ECoG recordings in free-moving awake rats.
Spectral analysis revealed that in all cases (N=4) a single subcutaneous injection of ketamine (2.5mg/kg) significantly and selectively augmented the power of baseline GFO and higher-frequency oscillations (HFO, 81-160 Hz) (Fig1). In addition, we also observed a slight increase in β (16-29 Hz) oscillations and no significant change in the power of slower waves (1-15Hz). However, at higher doses (ketamine, 5mg/kg), the power of all frequencies was significantly increased (not shown). The observed effects were transient (Fig2B,C) and associated with abnormal behavioral hyperactivity (Hakami et al., 2009; Pinault, 2008) . The internal frequency of baseline GFO at maximal power significantly increased by ~5-10 Hz on average after ketamine injection (Pinault, 2008) . The phase synchronization of brain oscillations is thought to be an important dynamic network mechanism involved in various integration processes (Varela et al., 2001) . Phase synchronization of GFO is reduced in patients with schizophrenia (Herrmann and Demiralp, 2005; Lee et al., 2003; Maharajh et al., 2010; Spencer et al., 2003; Uhlhaas and Singer, 2006) . Therefore, we wanted to assess the impact of ketamine on the mean phase coherence of GFO simultaneously recorded between the left and right parietal cortices. In all free-moving rats (N=4) no significant change was observed after a single injection of ketamine or MK-801 relative to saline injection. Indeed, whatever the condition the phase coherence was quite stable over time with an average value of 0.60±0.01 (N>30 1-s epochs per condition).
Thus, ketamine significantly increases correlation of the GFO power between strongly but not between poorly anatomically interconnected cortical areas, supporting the commonly accepted hypothesis of the existence of multiple independent generators of baseline GFO, at least in the cerebral cortex.
Local modulation of GFO
If the multiple generator hypothesis is true and knowing that non-competitive NMDAr antagonists can act directly into brain networks (Hunt et al., 2010) , local application of ketamine (or MK-801) onto a restricted area of the neocortex should create a focus of GFO hyperactivity (Fig3A). To test this hypothesis intracortical LFP were simultaneously recorded in the supra-and/or infragranular layers of the parietal somatosensory cortex along with a surface ECoG ~2 mm away. At the end of the experiment extracellular labeling (Pinault, 1996) was performed for histological verification of the location of the LFP recording sites.
These experiments were conducted under light anesthesia (N=9) and validated under the acute non-anesthetized head-restrained condition (N=3). In all instances, local application of ketamine (or MK-801, results not shown) created a focus of baseline GFO hyperactivity: a rapid (~5-8 min after application) and significant increase in GFO power just below the site of application without any immediate impact in the adjacent ECoG (Fig3B1,B2,C) . Washing ketamine away led to a significant decrease of the GFO power in the intracortical LFP recordings, while a slight increase was observed in the ECoG, which was likely due to ketamine diffusion. On the other hand, subcutaneous injection of ketamine simultaneously produced a fast and significant increase in the GFO power at all recording sites (Fig3B1,B2,C). Under both the head-restrained and the free-moving conditions, a systemic injection of ketamine augmented the behavioral activity (limb movements). Taken together, these findings indicate that non-competitive NMDAr antagonists have powerful effects on network GFO generators.
Distant modulation of GFO
The ability of local application of NMDAr antagonists to alter local ongoing GFO raised the question whether local application of such antagonists can modulate ongoing GFO in distant connected structures. In an attempt to answer this question we performed paired ECoG recordings of the left (site of application) and right parietal cortices along with the right occipital cortex under light anesthesia (Fig4A); a LFP electrode was also introduced in the 13 cortex that was submitted to local drug application to monitor the local effects. In all instances (9 ketamine conditions paired with ACSF conditions, 5 rats) ketamine increased the amount of spontaneously occurring GFO in both the intracortical LFP and the adjacent left ECoG (Student's t-test: p<0.01). One-way ANOVA revealed a significant difference in ketamine-induced changes in γ power in the three recording sites (F(2,218) = 301.2, p<0.0001; Fig4B). Bonferroni's post-hoc test showed significant differences between the right parietal and occipital electrodes (p<0.001). The effect in the right parietal ECoG was modest, relatively to the left ECoG (close to the ketamine application site). No significant increase in γ power was recorded in the right occipital cortex, which is weakly or not connected with the left parietal cortex. In addition no significant change in both the power coherence and the phase coherence was observed between the left and right parietal cortices after local ketamine application. These results suggest that local ketamine application can increase the amount of GFO in distant and interconnected (here via the corpus callosum) cortical networks.
Increased baseline GFO and decreased TC response
In any system, both the amount of its background activity and the amplitude of the systemic response to a single external stimulation are powerful indicators of its state and functionality. Here we used these parameters to evaluate the impact of ketamine on the somatosensory TC system. The level of background activity was estimated from the power of baseline GFO recorded with both the intracortical LFP pipette and the surface ECoG (Fig5A). Sensory-evoked potentials were induced by mechanical stimulation of 3-5 vibrissae. We measured the amplitude of the TC response, which corresponds to the first component of the SEP (Heynen and Bear, 2001; Simons et al., 2007) , the positive peak in the ECoG (latency: 10.8±0.2 ms, N=64) and the negative peak in the intracortical LFP (10.5±0.2 ms, N=64). Under light anesthesia (4 rats) or non-anesthetized head-restrained (3 rats) condition (Fig5B,C), a single subcutaneous injection of ketamine significantly altered both the state and functioning of TC circuits, simultaneously increasing the amount of baseline cortical GFO and decreasing the amplitude of the SEP. Thus ketamine decreases the sensory signal-to-γ-noise ratio. The ketamine-induced effects were basically similar in both the surface ECoG and the related intracortical LFP (Fig5B,C) . This result was expected since, under our experimental conditions, the surface ECoG activities mirror those recorded in the subjacent intracortical networks (Hakami et al., 2009 ).
Decreased sensory-evoked GFO
We then investigated the effect of ketamine on sensory-evoked γ activity, defined as a burst of additional GFO that occurs at a fixed latency after the stimulus (Tallon-Baudry and carrying stimulus-related information; ii) since ketamine increases the baseline γ power and decreases the amplitude of the TC response (Fig5B,C, Fig6A,C) , it should also decrease the related amount of evoked GFO. Indeed, our experiments revealed that ketamine led to a significant decrease in the power of sensory-evoked GFO (Fig6C).
Ketamine disrupts thalamocortical LTP
Network and synaptic activities are intimately linked. Synapses are responsible for dynamic processes that regulate neuronal responsiveness and plasticity. Sensory-evoked TC responses include NMDAr-dependent component (Heynen and Bear, 2001; Salt et al., 1988) . So, if ketamine decreases the amplitude of the sensory-evoked TC response, it is expected to reduce the LTP, at least of the TC neurotransmission (Heynen and Bear, 2001 ). Therefore, we tested under light anesthesia the impact of ketamine on LTP in the adult somatosensory TC system. The experimental design was identical to the one from Fig5A with the addition of a stimulating electrode inserted into the primary somatosensory thalamus for delivering HFS (Fig7A) . LTP, assessed with the sensory-evoked TC response, was reliably induced in a sustainable fashion for at least 5 hours following thalamic stimulation (Fig7B). The first thalamic electrical stimulation was applied only when no significant change in the amplitude of the TC response was recorded during at least one hour. Moreover, in some instances (N=6), LTP was induced by repetitive sensory stimulation alone (Fig7C) . In an attempt to assess the possibility that potentiation was also in part due to the electrode insertion into the thalamus, we conducted a series of experiments without the intrathalamic stimulation electrode. An increase in the TC response amplitude was observed in 2 out of 5 experiments (not shown). Therefore, we cannot exclude the possibility that potentiation could also be "naturally" induced by repetitive sensory stimulation alone, in agreement with previous observations (Megevand et al., 2009 ).
As expected, administration of ketamine (or MK-801) transiently disrupted LTP of TC transmission and in parallel increased the amount of baseline GFO (Fig7C,E,F) .
Surprisingly and of importance, under ketamine-free condition thalamic HFS that tetanized TC inputs to get LTP also produced a consistent decrease in the amount of baseline GFO (Fig7D) . In other words, thalamic HFS increased the signal-to-γ-noise ratio, an effect that was opposite to the ketamine-induced effect observed under the same experimental conditions.
DISCUSSION
The novelty of the present study is that NMDAr hypofunction impairs the ability of the somatosensory TC system to discriminate the sensory-evoked activity from the background GFO. Indeed, a single injection of a psychotomimetic dose of ketamine or MK-801 simultaneously increases the power of baseline GFO and decreases both the amplitude of the sensory-evoked TC response and the power of its related GFO. These new findings are in resonance with clinical neurophysiological observations from patients with schizophrenia (Herrmann and Demiralp, 2005; Krishnan et al., 2009; Lee et al., 2003; Light et al., 2006; Maharajh et al., 2010; Spencer et al., 2003; Spencer et al., 2004; Spencer et al., 2008a; Uhlhaas and Singer, 2006) and support both the hypothesis of dysfunctional TC circuits in schizophrenia (Clinton and Meador-Woodruff, 2004; Ferrarelli and Tononi 2010; Friston, 2002; Lisman, 2011; Meyer-Lindenberg, 2010; Pinault, 2011; Stephan et al., 2006) , and the hypothesis of a reduction of the cortical signal-to-noise ratio in schizophrenia (Gandal et al., 2011; Rolls et al., 2008) . Surprisingly, repetitive stimulation of the TC pathway (either by thalamic HFS or by vibrissae stimulation) provokes effects that are opposite to those induced by ketamine.
Taken together these findings may conceptually be of paramount importance for the advancement of our understanding of the pathogenesis of psychotic states and provide novel clues for the preclinical development of innovative therapeutic strategies of schizophrenia.
In the present study, the ketamine-induced electrophysiological effects recorded under light anesthesia were not specific to this experimental condition since they were validated in the non-anesthetized condition (also see Hakami et al., 2009 ). Whether or not the baseline GFO, recorded under normal or ketamine condition, have a functional role is a true question (Bernasconi et al., 2011) that merits further studies in our quest to understand the pathophysiology of schizophrenia (Rolls et al., 2008 ). The present study shows that ketamine-induced simultaneous multisite increases in baseline GFO are not associated with a significant change in phase coherence, at least between strongly interconnected cortical areas, but are consistently associated with an increase in γ power coherence. This is an argument in favor of the hypothesis that increased synchronization in baseline GFO between distant cortical areas does not reflect integration processes. It is worth pointing out that a significant augmentation in the amount of baseline GFO has also been recorded during and in between prominent slow waves after injection of a narcotic or anesthetic agent (Hakami et al., 2009 ), including after a single anesthetizing dose of ketamine (Maksimow et al., 2006) .
The signal-to-γ-noise ratio (defined here as a ratio between the power of the sensoryevoked and baseline GFOs) in neural circuits is considered as a suitable neurophysiological marker to evaluate their dysfunction, both in patients with schizophrenia and in animal models for schizophrenia (Ehrlichman et al., 2009; Gandal et al., 2011; Rolls et al., 2008; Winterer et al., 2000) . A recent clinical review (Gandal et al., 2011) suggests that abnormalities in GFO are ubiquitous in schizophrenia. They involve both an augmentation of baseline cortical GFO and a reduction of stimulus-evoked γ response, thereby affecting the signal-to-γ-noise ratio during cortical information processing. Here, we provide the first direct experimental evidence for the impairment of the signal-to-γ-noise ratio in a sensory TC system in an acute NMDAr-dependent model for the pathogenesis of psychoses. Therefore, our findings, together with the facts that a psychotomimetic dose of ketamine increases the γ power in humans (Hong et al., 2010) and that ketamine induces schizophrenia-like symptoms (Gunduz-Bruce, 2009; Hetem et al., 2000; Krystal et al., 1994) , stress the translational potential of GFO as a biomarker for positive symptoms (Hakami et al., 2009; Pinault, 2008) . Moreover, continuous and stereotyped GFO were proposed to be responsible for clinical positive symptoms (Llinas et al., 1999) .
The present findings support the hypothesis of the existence of multiple independent cortical generators of GFO. Indeed, local cortical application of ketamine or MK-801 proved that such generators can be modulated independently. It is further shown that local cortical application of ketamine can modulate the amount of baseline GFO in distant connected (at least via the corpus callosum) structures. This effect was not observed between distant cortical areas having weak or no anatomical connections. Further investigation is needed to understand the underlying mechanisms. The origin, size and intrinsic connectivity of GFO generators are beyond the scope of the present study (Whittington et al., 2011) .
In the present work we show that the power of sensory-evoked GFO is highly correlated with the amplitude of the TC response and therefore should be considered as a signal component that carries stimulus-driven information, which might be gated by increased baseline cortical GFO (Wang et al., 2010) . Furthermore, the observed opposite effects of NMDAr antagonists on the amount of spontaneous and evoked GFO suggest that they are generated by different mechanisms, pointing out that evoked GFO may not be just a mere sensory-evoked augmentation of baseline GFO. Our results are in agreement with a model based on a neural network simulation, in which spontaneous and stimulus-driven GFO exist independently and can resonate under the control of synaptic plasticity of TC connections (Paik and Glaser, 2010) .
Since baseline GFO were similarly increased after systemic or local application of NMDAr antagonists, we predict that the underlying mechanisms were identical. Possible mechanisms of the acute effects of non-competitive NMDAr antagonists were discussed elsewhere (Gunduz-Bruce, 2009; Hakami et al., 2009; Moghaddam and Jackson, 2003) .
Briefly, assuming that the observed ketamine-induced effects are mainly due to the specific blockade of NMDAr, NMDAr hypofunction is thought to lead to increased glutamatergic transmission, which would subsequently activate non-NMDAr (AMPA and kainate receptors, Fuchs et al., 2007) . In spite of a possible imbalance in the NMDA/AMPA ratio, we should also keep in mind experimental findings showing that ketamine as well acts at ACh, 5HT2, D2 and GABA receptors (Flood and Krasowski, 2000; Irifune et al., 2000; Kapur and Seeman, 2002) .
Presynaptic mechanisms might also be involved in the ketamine-induced behavioral and neurophysiological effects. Indeed, in the rat pretreatment with metabotropic glutamate2/3 receptors agonists significantly attenuated PCP-induced behavioral and cognitive effects and reduced synaptic glutamate release (Moghaddam and Adams, 1998) . Furthermore, pretreatment with such agonist (LY379268) significantly attenuated the ketamine-induced increase in the power of baseline GFO (Jones et al., 2011) . Also, one should be prudent when comparing results and inferring mechanisms from studies using different doses of NMDAr antagonists and/or several types of models (Bubenikova-Valesova et al., 2008) . Indeed, here a single low-dose of ketamine (2.5 mg/kg) or MK-801 (0.08 mg/kg) increased principally GFO. At higher doses ketamine impacted also slower (α,θ,δ) waves as observed by other teams (Ehrlichman et al., 2009; Hong et al., 2010; Palenicek et al., 2011; Tsuda et al., 2007) . Such electrophysiological abnormalities are observed in chronic schizophrenia (Ferrarelli et al., 2007; Herrmann and Demiralp, 2005;  the low-dose ketamine rat model, used in the present study, models more hyperfrontality, which can be observed in first-episode schizophrenia (Callicott et al., 2000) , than the hypofrontality that is inherent to chronic schizophrenia. So, the single low-dose ketamine model may be appropriate to model the pathogenesis of acute psychotic states, a model that is translatable in humans (Corlett et al., 2007; Hetem et al., 2000; Krystal et al., 1994) .
What are the neuronal mechanisms underlying the observed transient ketamine-induced disruption of the sensory signal-to-γ-noise ratio in TC networks? Recent experimental (Bikbaev and Manahan-Vaughan, 2008 ) and computational (Paik and Glaser, 2010 ) studies suggest a strong link between baseline GFO and synaptic plasticity. Also, disruption of the synaptic functioning represents an important mechanistic model for the dysfunctional connectivity hypothesis of schizophrenia (Friston, 2002; Stephan et al., 2006) . Here, ketamine-or MK-801-induced disruption of the LTP of TC synapses is in agreement with these two hypotheses, although somehow predictable since LTP depends in part on NMDAr activation (Heynen and Bear, 2001) . It should however be emphasized that ketamine and MK-801 transiently decreased the potentiated TC response but did not stop the development of the LTP. Moreover, this effect paralleled the impact of NMDAr antagonists on baseline GFO (Pinault, 2008) . Now, whether or not ketamine prevents LTP induction is a question that merits further investigation. Surprisingly, we observed that, while LTP was developing after thalamic electrical tetanization, the power of baseline GFO was decreasing in the related cortical area. This means that thalamic HFS (here in the primary somatosensory nucleus) has effects opposite to the NMDAr antagonist-induced effects. Moreover, experimental findings support the concept that thalamic HFS has certain pro-sensory/cognitive properties possibly linked to LTP mechanisms (Mair and Hembrook, 2008; Shirvalkar et al., 2006) . Our findings revealed that the signal-to-γ-noise ratio can be considered as a key characteristic that determines both the state and the function of a given circuit (Fig8) . However, the physiological relevance to a behavioral state of our stimulation paradigm, used under acute conditions, remains an issue requiring further studies.
The mechanisms underlying the effects of thalamic HFS on the basal GFO and TC response are unknown. Whatever the anatomical target, it is generally recognized that HFS 20 primarily excites axons and rapidly inhibits, via depolarization block, cell bodies and dendrites (Deniau et al., 2010; Kringelbach et al., 2007) . So we predict that intrathalamic HFS should at least excite TC and corticothalamic pathways and afferent/passing axons, subsequently generating immediate and long-lasting multiple effects, one of these being changes in the synaptic plasticity of TC synapses.
In conclusion, we have demonstrated that investigating GFO abnormalities and the signal-to-noise ratio in the somatosensory TC system is relevant to understand the pathophysiology of (first-episode) schizophrenia. Deciphering the neural mechanisms underlying disruption of information processing in models of mental disorders and in patients will contribute to understanding their pathophysiology and may therefore conceptually help creating novel therapeutic avenues.
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